Object. Patient age at presentation with congenital atlantoaxial dislocation (CAAD) is variable. In addition, the factors determining irreducibility or reducibility in these patients remain unclear. The facets appear to contribute to the stability of the joint, albeit to an unknown extent. The objective of this paper was to study the characteristics of C1-2 facets in these patients and their bearing on the clinicoradiological presentation and management.
C ongenital atlantoaxial dislocation is associated with a variable patient age at presentation. Factors determining this variability remain obscure. The stability of a joint is largely determined by the characteristics of the facets and their relationship to each other, although there are other factors as well. The orientation of the C1-2 facets in the sagittal plane could possibly determine the anterior slippage of C-1 over C-2, whereas the orientation of these facets in the coronal plane would determine the telescoping of C-2 into C-1 (vertical slippage).
Does the orientation of these facets determine irreducibility in patients with IrAAD? Certain fixed AADs reduce on traction, but it currently is not possible to predict which AADs will reduce with this treatment. Besides, there is a small subset of patients in whom reduction is achieved partially. Can we predict the feasibility of preoperative reduction on traction or intraoperative reduction by the posterior approach alone, thereby avoiding transoral surgery in patients with IrAAD? Seeking answers to the above question, we have made an attempt to evaluate the orientation of the facets in patients with CAAD and to compare it with the orientation in control individuals.
Methods
We evaluated 24 patients with CAAD (atlantodental interval > 5 mm in children and > 3 mm in adults) and 32
Congenital atlantoaxial dislocation: a dynamic process and role of facets in irreducibility healthy individuals (age range 9 months-45 years, who underwent CT scanning of the cervical spine for suspected spinal trauma), who presented to our institution over a period of 2 years. The patient group was further divided into RAAD and IrAAD groups based on dynamic (flexion, neutral, and extension) radiography and CT scanning findings of the CVJ. Computed tomography scanning of the CVJ (1-mm section in neutral position) with reconstruction was performed in all patients and controls. The axial data were reconstructed to obtain images in the sagittal and coronal planes. The slice thickness varied from 4 to 10 mm depending on the points required to be visualized. This helped in visualizing the hard palate and the facets in the same sagittal section. Parasagittal sections passing through facets of the occiput and the facets of C1-2 in the neutral position were studied. The inferior sagittal C-1 facet angle was measured in all cases. This was defined as the angle between the line joining the anterosuperior and posterior points of the hard palate and the line joining the anteroinferior and posteroinferior points of the C-1 facet in that sagittal section.
Perpendicular lines were drawn when the lines were close to parallel (Fig. 1) . Angles on the right and left sides were studied. Similarly, the inferior coronal C-1 facet angle was measured on both sides and was defined as the angle between the line joining the lateral and medial points along the inferior surface of the C-1 facet and the line joining the edges of the foramen magnum in that coronal section (Fig. 2) . We looked for telescoping of C-2 into the atlas or occiput. This was defined as the presence of the C-2 body or the dens-C2 body junction seen on axial sections passing through the atlas ring or foramen magnum/occipital condyles. The atlantodental interval was noted in all patients. Magnetic resonance imaging was performed in all patients as part of the normal protocol. Lordosis was measured on plain cervical radiography neutral view using the cervical spine angle. 15 Data were analyzed using nonparametric tests (Mann-Whitney Utest).
Patients with a history of significant trauma, associated Chiari malformation, genetic syndromes (Down syndrome, Morquio syndrome, and achondroplasia), or rheumatoid arthritis were excluded.
The patients were graded according to a system that consisted of the following categories: Grade I, independent without deficits except for hyperreflexia or neck pain; Grade II, with minor deficits but independent for activities of daily living; Grade III, partially dependent on others for daily needs; and Grade IV, totally dependent. 7 In all patients with IrAAD, reduction was attempted using cervical traction tongs; traction started with 7%-8% of body weight with a gradual increase in weight to a maximum of 20% of body weight over 48-72 hours. Serial radiographs were obtained to monitor the reduction. 6, 14 Those in whom traction achieved complete reduction were included in the reducible variety. If the reduction was partial on traction, the patient remained in the irreducible group.
In patients with RAAD and in those who had partial reduction on traction, posterior fusion alone was performed. Patients in whom reduction could not be achieved were subjected to transoral decompression followed by posterior fusion. 6, 11 During posterior fusion, the C1-2 facet joints were exposed widely after cutting the C-2 ganglion. The joint capsule was excised, and the articular cartilage of the C-1 and C-2 facet joints was removed. 3, 4 The facet surfaces were decorticated, and intraoperative reduction was achieved by increasing extension. In case this was not possible, osteotomes were introduced within the joint and then rotated 90° to achieve distraction and reduction. 3, 4 Posterior fusion, either C1-2 or Oc-C3, was performed, the choice depending on whether C-1 was assimilated, free, or absent and whether C2-3 fusion was present. We used sublaminar wires alone in 20 patients, transarticular screws with sublaminar wires in 3 patients, and C-1 and C-2 screws and plate in 1 patient. 3, 6, 7, 14 One patient with RAAD who underwent surgery elsewhere had construct failure (loosening and breaking of wires) and required an additional posterior fusion procedure after 6 months. 
Results
Nine patients had RAAD and 15 patients had IrAAD on the initial dynamic radiographs. Three patients with irreducible AAD experienced a partial reduction after traction. The control group consisted of 32 patients. The clinical profile of these patients is detailed in Table 1 . The angles, other radiological features, and preoperative and postoperative disability grades with follow-up of all patients are listed in Table 2 .
An assimilated arch of the atlas (at least partial) was found in 12 patients with IrAAD and 1 with RAAD. Fusion at C2-3 was observed in 9 patients with IrAAD and in 1 with RAAD. All patients with C2-3 fusion had an assimilated atlas. 10, 14 Patients' ages ranged between 5 and 60 years (mean 29.8 ± 18.8 years) in the IrAAD group and 6 to 50 years (mean 29.5 ± 16.0 years) in the RAAD group. The ages of the groups statistically matched each other. The mean age of the control group was 25.9 years. In patients with IrAAD, the mean sagittal inferior C-1 facet angles were 137.4° ± 17.7° and 140.3° ± 18.4° on the right and left sides, respectively. In patients with RAAD, the mean angles were 165.2° ± 7.0° and 164.1° ± 5.8° on the right and left sides, respectively. In 3 patients in whom reduction could be partially achieved, the mean right and left angles were 157° and 162°, respectively. The right and left angles in the control group were 172.6° ± 4.5° and 171.4° ± 4.0°, respectively. The difference was statistically significant for this angle between the IrAAD and control groups and also between the IrAAD and the RAAD groups (p < 0.001). The significance was p < 0.05 for that between the RAAD and control groups. Also in the IrAAD group, there was a significant correlation between age and the inferior sagittal C-1 facet angles-that is, the earlier the age at presentation, the smaller the inferior sagittal C-1 facet angle. This correlation was absent in the control and RAAD groups.
The mean coronal inferior C-1 facet angles were 148.0° ± 14.5° and 143.7° ± 15.4° on the right and left sides, respectively, for the IrAAD group. They were 152.5° ± 11.2° and 147.6° ± 10.7° on the right and left sides, respectively, for the RAAD group. The right and left angles in the control group were 153.1° ± 8.8° and 155.2° ± 5.0°, respectively. The difference was not significant. However, relatively acute, unilateral coronal angles and bilateral coronal angles were seen in 5 and 2 patients, respectively, in the IrAAD group. Only 2 with RAAD had relatively acute, unilateral coronal angles. Telescoping of C-2 within C-1 was seen in 9 patients in the IrAAD group and none in the RAAD group.
Figures 3-5 depict the relatively acute inferior sagittal and coronal C-1 facet angles and telescoping of C-2 within C-1 (which does not qualify as basilar invagination), respectively, in a patient with IrAAD. Figure 6 shows the inferior sagittal and coronal C-1 facet angles in a patient with RAAD.
The mean lordotic angle calculated according to the cervical spinal angle on pretraction neutral radiographs was 30.3° ± 7.69°, 28.7° ± 11.2°, and 14.5° ± 8.3° in the IrAAD, RAAD, and control groups, respectively. The difference between the AAD groups and the control group was significant (p < 0.005; Fig. 7 ). However, there was no significant difference between the IrAAD and RAAD groups.
There was no relation between the angles and the disability grade and the atlantodental interval.
The inferior sagittal C-1 facet angle that predicted reducibility in AAD was calculated using receiver operating characteristic curve analysis and was approximately 150° (sensitivity of 100% and specificity of 80%). Patients with an inferior sagittal angle greater than 150° could undergo reduction with traction or perioperative facet distraction.
Intraoperatively, in patients who had acute angles (IrAAD), the inferior facet surface of C-1 was visualized clearly, but the superior surface of the C-2 facet was not. Both facet surfaces with their anterior margin were seen in patients with RAAD. The facets were rostral in patients with an assimilated C-1 arch.
In 3 patients with partial reduction on traction, the facets were distracted intraoperatively using an osteotome, aiding in complete reduction, except in 1 patient who had an inferior sagittal C-1 facet angle a little smaller than 150° (Figs. 8 and 9 ). In this patient, a small wedge was drilled off of the C-2 facets on either side posteriorly until the anterior margins could be seen, thereby achieving reduction with distraction. There were no complications in these 3 patients and they did well postoperatively, with 2 of them showing significant improvement in their disability. The outcome of all patients is described in Table  2 . The complications of the transoral procedure and posterior fusion in this series are detailed in Table 3 . There were 3 deaths: 2 in the IrAAD group and 1 in the RAAD group. Four patients after transoral surgery required prolonged ventilation: 2 died, 1 gradually improved to the same status as preoperatively, and 1 remained a grade poorer than preoperatively. This patient had residual anterior compression but did not give consent for surgery. Of the 3 deaths, 2 patients (1 with IrAAD and 1 with RAAD) had a CSF leak and developed septicemia.
Discussion
The atlas articulates with the axis at 3 synovial joints. There are pairs between the lateral masses and a median complex between the dens of the axis and the anterior arch and transverse ligament of the atlas. The articular surfaces of the joints between the lateral masses are often classified as planar. The inferior articular facet of C-1 is almost circular and is slightly concave. It is oriented a bit obliquely to the transverse plane and faces more medially and slightly backward. 13 The superior articular facet of C-2 is slightly convex. Studying radiographs of healthy individuals, we have tried to define the angles as they would appear on reconstructed CT scans of the CVJ in the sagittal and coronal planes. One could question why the inferior facet of C-1, rather than the superior facet of C-2, is being utilized. In the majority of cases of IrAAD, C-1 is occipitalized and the relationship of the C-1 inferior facet to the occipital condyle and the hard palate will remain constant. Patients with IrAAD tended to correct the anterior slip by increasing the lordosis of the subaxial spine and then keeping the head extended. Therefore, even in the so-called neutral position in these patients, the head is actually slightly extended.
The articulation between the atlas and axis is the most mobile part of the vertebral column and has the least stability of any vertebral articulation. Fifty percent of the axial rotation of the neck (47°) occurs at the atlantoaxial joint. Normally, about 10° of extension and 5° of forward flexion are permitted at this joint; more than 10° of flexion indicates subluxation. 1 The articulation between occipital condyles and the atlas allows a few degrees of flexion-extension. In rotation, the atlas and head turn as a unit. Similarly, the articulation between the axis and C-3 is restricted in rotation. Thus, C1-2 is extremely mobile but structurally weak and is located between 2 relatively fixed points, the Oc-C1 and C2-3 joints.
1
The presence of a bony anomaly in the region of the atlantoaxial joint has a significant influence on its stability. It is reasonable to expect additional stress on the C1-2 joint in case of an assimilated arch of the atlas further accentuated by the presence of C2-3 fusion, as evident in 60% of cases of assimilated atlas. 1 This was noted in 80% of our patients. Nonetheless, patients with CAAD become symptomatic at different ages.
Initially, a delicate balance is struck between the mobile articulation and the adjacent spinal cord, and motion is maintained without neurological compromise. The relationship must be altered before symptoms develop.
The facets in the patients with IrAAD were oriented craniocaudally (posteroanteriorly) in the sagittal plane compared with those in patients with RAAD and control individuals. The younger patients with IrAAD had a more vertical (acute) inferior sagittal C-1 facet angle than the older patients with IrAAD. Irreducible AAD appears to be a dynamic process, and the dislocation aggravates with time. Irreducible AADs may possibly be reducible to begin with. In these patients, the C1-2 facets are oriented craniocaudally in the sagittal plane (posteroanteriorly). The C-1 vertebra along with the head slips anteriorly over C-2 due to this vertical orientation. As the center of gravity of the head shifts anteriorly, the lordosis of the cervical spine increases to compensate for it (Fig. 7) . This further increases the anterior slippage of C-1 over C-2. Eventually, the slippage will not be able to be reduced on simple extension and later even with traction. The ligaments and the capsule also become fibrotic in this dislocated position. Meanwhile, the resultant increased anterior angulation at the CVJ accentuates the compression of the odontoid and C-2 body at the cervicomedullary junction, giving rise to symptoms. The more acute (craniocaudal) the inferior sagittal C-1 facet angle, the earlier the presentation and stage of irreducibility. This explains the variable age at presentation. In addition, the degenerative changes of aging cause lower cervical articulation to become more rigid. This gradual restriction of motion below places an increased demand on the ligaments and capsular structure of C1-2 and exacerbates instability in an already vertical joint. 1 The genesis of congenital RAAD was thought to be different. 2, 14 The inferior sagittal C-1 facet angles in RAAD patients are slightly acute in comparison with those in control individuals. Therefore, in the presence of lax ligaments, a congenital absence of the transverse ligament, or a short peglike odontoid or os odontoide- um, there may be dislocation of the C1-2 facet joint. As the facet angle is relatively flat, it returns to the normal position on extension. Thus, it appears that RAAD and IrAAD may be part of the same spectrum.
In healthy individuals, the inferior sagittal C-1 facet angle does not change much with age. Of our 32 control individuals, there were 10 children ranging in age from 9 months to 7 years. In these 10 children, this angle was always greater than 172°.
In the coronal plane, the vertical orientation of the facets decides the telescoping of C-2 into C-1 and basilar invagination. Akin to the anterior slippage, the vertical orientation of the facet in the coronal plane causes cranial slippage of C-2 into C-1. 8 A new craniometric index, namely, the vertical atlantoaxial index, based on a midsagittal CT section of the CVJ, has been described. 9 However, in that series, the acuteness of these angles was not measured. In our series, at least one coronal angle was acute in 5 patients with IrAAD and was statistically significant when compared with those with RAAD and the control group. We found gross asymmetry in the coronal angles of the C-1 facet in patients with IrAAD, which explains why the telescoping of C-2 deviated to one side.
The management of IrAAD traditionally has been the application of preoperative traction followed by transoral decompression and then posterior fusion. 11, 14 Traction improves the preoperative neurological status in many patients and may in fact reduce certain so-called IrAADs. 6, 14 The transoral procedure is not without complications. 12 Management of basilar invagination through the posterior approach alone with distraction of the C1-2 joints and fixation has been described. 3 The IrAAD with basilar invagination is reduced on distraction and then fixed with spacers alone. 4 The use of spacers is essential if the posterior approach alone is used because without them, the AAD would reduce, but the vertical slippage and vertical mobility would persist. 5 Although only 3 patients experienced partial reduction after traction, all of them had a sagittal inferior C-1 facet angle greater than 150°. This value predicts definite reducibility intraoperatively with distraction, at least theoretically, although the specificity is poor. This value was calculated using a receiver operating characteristic curve. For angles mathematically smaller than 150°, an anterior wedge of the C-1 facet and a posterior wedge of the C-2 facet have to be drilled to achieve reduction. The height of each wedge to be drilled would be 1/2[(180 − inferior sagittal C-1 angle) − sin 30] × [anteroposterior length of facet] (Fig. 10) . Preoperative reduction and stabilization through the posterior approach alone using spacers and articular screws poses a technical difficulty in patients with hypoplastic facets or with more acute sagittal angles. Drilling of these facets to that extent would lead to an absence of cortical support by facet bone for placement of spacers and screws. This subset of patients would require a transoral procedure. Furthermore, patients with a retroflexed dens, by virtue of a posteriorly angulated dens indenting into the cord, would require a transoral approach. All patients with IrAAD, irrespective of age, merit an attempt at closed reduction, which if successful, avoids a transoral procedure. The facets may be just a part of a more complex process. We have attempted to unravel only this part. It is possible that some other factors may play an important role in irreducibility. Furthermore, there were only 3 patients with IrAAD in whom reduction was achieved via a posterior approach alone. All 3 patients had inferior sagittal C-1 facet angles greater than 150° and had partial reduction on skeletal traction. There was 1 patient with IrAAD in whom the inferior sagittal C-1 angle was approximately 160°. However, we did not attempt reduction using the posterior approach alone as even partial reduction could not be achieved on preoperative traction. In retrospect, we believe that reduction could have been achieved by the posterior approach alone.
Conclusions
The inferior sagittal C-1 angle in patients with IrAAD is significantly acute compared with the same angle in patients with RAAD and in the normal population. The more acute the angle, the earlier the age at presentation. Reducibility on preoperative application of traction or perioperative manipulation can be predicted to a certain extent by studying these joints and the angles described. Furthermore, the extent of drilling of these facets can be quantified and at least theoretically, patients with IrAAD can undergo reduction perioperatively with the posterior approach alone, with the exception of those with extremely acute angles or a retroflexed dens. Acute coronal angles lead to telescoping of C-2 into C-1 or the foramen magnum. The exaggerated lordosis of the cervical spine in these patients is a compensatory phenomenon.
